Abstract:We report the device to produce single-frequency continuously-tunable 852.3 nm laser by single-pass sum-frequency generation (SFG) of two single-frequency diode-laser-seeded fiber amplifiers at 1560.5 nm and 1878.0 nm in a periodically-poled magnesium-oxide-doped lithium niobate (PPMgO:LN) bulk crystal. 276 mW of 852.3 nm laser is realized when the power of 1560.5 nm is 4.94 W and 1878.0 nm is 1.77 W, the corresponding optical-optical conversion efficiency is 4.1%, continuously-tunable range is more than 10 GHz. Also we are able to generate singlefrequency continuously-tunable 780.2 nm laser by single-pass second-harmonic generation (SHG) with PPMgO:LN bulk crystals, and demonstrate maximal 634 mW of 780.2 nm single-frequency continuous-wave laser output when the power of 1560.5 nm is 5.27 W, the efficiency is 12.0%. Employing this laser system we could conveniently perform laser cooling and trapping as well as manipulating both rubidium (Rb) and cesium (Cs) atoms simultaneously, it has a great application in cold atoms Rb-Cs two components interferemeter, and to form RbCs dimer by photoassociation of cold Rb and Cs atoms confined in a magneto-optical trap.
Introduction
The study of alkali metal atoms is a basic subject for the scientific researches and future applications. Because of special atomic structure, they have important applications in precision spectrum, laser cooling and capture of atoms, atom interferometer, atomic frequency standard, and etc. In the experiment, rubidium (Rb) and caesium (Cs) atoms are studied more deeply, one of the best-known applications of the pure elements is atomic clock, of which caesium atomic clocks are the most accurate and precise representation of time. Then, they can also be used in sensor elements such as gravimeters, magnetometers, and etc. In addition, the manipulation of Rb and Cs atoms are also the basis of many studies. Therefore, the 780 nm and 852 nm laser beams corresponding to Rb and Cs atoms are very important.
High power single-frequency 780 nm and 852 nm laser beams can be employed for laser cooling and trapping [1] [2] [3] [4] , atomic coherent control [5] [6] , atomic interferometer [7] [8] , and quantum frequency standard [9] [10] with Rb and Cs atoms. In addition, the 1.5 µm squeezed light field and quantum entangled light fields can be prepared by optical parametric oscillator or optical parametric amplifier pumped by a high power single-frequency 780 nm laser, and can find important application in continuousvariable quantum communication [11] , gravitational wave detection [12] and so on. The common means to produce 780 nm and 852 nm laser beams are solid-state laser * wwjjmm@sxu.edu.cn and semiconductor laser, Ti:sapphire lasers, Distributed Bragg Reflector (DBR) diode lasers as well as ExternalCavity Diode Lasers (ECDL) are typical representatives. While these systems can only operate in a relatively quiet and clean environment, but nowadays the environment of experiment is not limited to the laboratory. So the requirements of the system are getting complicated. In this context, solid-state lasers' and semiconductor lasers' disadvantages, such as expensive, large size, and sensitive to vibration and temperature fluctuation are becoming more and more obvious. In addition, semiconductor laser combines with tapered amplifier (TA) can produce a watt-level 852 nm laser, but TA is easy to malfunction due to its high requirements of the working environment, and beam quality of the output spot is particularly poor.
On the other hand, telecommunication band get more attention in recent years, because of the low loss transmission characteristic and large information capacity. It can be applied in many fields, such as integrated optical device, all-optical network, multi-wavelength channel [13] and so on. The commercialization of 1560 nm Erbiumdoped fiber laser (EDFL) and Erbium-doped fiber amplifier (EDFA) are more stable and durable, these systems can provide more powerful output than solid-state lasers, and a large number of experiments have been carried out with this system. In 2015 our group [14] used fiber lasers and amplifiers to produce 637.2 nm red laser by single-pass sum-frequency generation (SFG) of two infrared lasers at 1560.5 nm and 1076.9 nm in periodically-poled magnesium-oxide-doped lithium niobate (PPMgO:LN) bulk crystal. In addition, this system was realized frequency doubling based on the airborne system [15] . And it can also provide the effective way in space or more rugged environment. Now the technologies of narrow-linewidth fiber lasers and fiber amplifiers, quasi-phase-matched (QPM) nonlinear frequency conversion materials become more and more mature and widely be used. Compared with the previous structures, the system composes of fiber lasers and amplifiers, QPM nonlinear materials has many advantages: the laser system is stable enough, it can even work in harsh environments outside the laboratory; The beam quality of the output spot is very good; It can produce more powerful laser output. So the system can be applied in many fields. First, 780 nm laser can yield by second-harmonic generation (SHG) with this system, and we have done the experiments before [16] [17] [18] . As for 850 nm laser, it can be produced by SFG, and there are many research groups working on this. In 2017 Diboune et al. [19] reported an innovative multi-line fiber laser system for both cesium and rubidium manipulation, and basing on frequency conversion of two lasers at 1560 nm and 1878 nm, and they use this system to cesium and rubidium atom interferometry. In 2018 Antoni-Micollier et al. [20] reported an watt-level narrow-linewidth fibered laser source at 852 nm for the focused ion beam application. They have made great progress in generating 780 nm and 852 nm laser beams by using frequency conversion, and their experimental methods give us great inspiration. In our experiment, 780 nm and 852 nm laser beams are produced by single-pass SHG and SFG of two laser bems at 1560 nm and 1878 nm in PPMgO:LN bulk crystal. and we have done a similar experiment that includes SHG and SFG before [21] . Two fundamental laser beams are boosted by the corresponding fiber amplifiers, an EDFA for 1560 nm laser and a Thulium-doped fiber amplifier (TDFA) for 1878 nm laser. Here, we chose the single-pass structure to SHG and SFG, it makes the system more stable than cavity enhanced scheme, and has a wide tuning range. Although the efficiency of single-pass structure is low, but the system can provide enough 780 nm and 852 nm output as long as the power of fundamental laser beams are high enough. And we get lower conversion efficiency than Diboune [19] and Antoni-Micollier [20] , but this is due to the differences between bulk crystal and waveguide. Laser is confined to a very small space in the waveguide, which makes the waveguide well match with laser. However, there will be dispersion and incomplete matching in the bulk crystal, resulting in the efficiency of bulk crystal is lower than the waveguide. But the bulk crystal can hold more power input, which means that with a high power injection, we can get more output laser with bulk crystal even several tens of watts. And the injection of waveguide is limited, so the system with waveguide does not produce more power output. Although we do not get high power of the 780 nm and 852 nm lasers in the experiment, but this is mainly limited by the power of laser sources.
In this way, the Rb and Cs atoms can be manipulated simultaneously, which is very useful in the Rb-Cs biatomic interferometer and cold RbCs dimer experiments. Now, many research groups continue to introduce new technology and better performance product [22] [23] . And our system has three advantages: the system is particularly stable with optical fiber devices and single-pass structure, so it can work in harsh environments outside the laboratory; The system produces both 780 nm and 852 nm laser beams, and we could conveniently perform laser cooling and trapping as well as manipulating both Rb and Cs atoms simultaneously; Most importantly, the spots produced by this system have the good beam quality and wide tuning range, which makes the scheme more promising. Synthesizes all advantages, biatomic interferometer and cold RbCs dimer experiments can be used in unstable environments such as an airborne system and a system in the space station.
Experimental arrangement
The experimental scheme is shown schematically in FIG. 1. A compact distributed feedback (DFB) diode laser operating at 1560.5 nm serves as the seed laser and a 10-W EDFA are combined to implement the masteroscillator power fiber amplifier (MOPFA). Another road is a compact DFB operating at 1878.0 nm serves as the seed laser and a 2-W TDFA are combined to implement the another MOPFA. The optical isolator is used to restrain the laser feedback, thus ensuring the stability of EDFA and TDFA. The half-wave plate (λ/2) and the polarization beam splitter (PBS) cube are used to control the 1560.5 nm laser and 1878.0 nm laser power, while also transforming the polarization of the fundamental wave lasers to the s polarization to meet the requirement of the sum-frequency process. Then single pass a 50-mmlong PPMgO:LN crystal (HC Photonics; the thickness is 0.5 mm; poling period of 23.4 µm; type 0 matching; both ends of the crystal have flat surfaces with anti-reflection coatings for the fundamental and sum-frequency laser, and the residual reflectivity R < 0.2%) which is used as the SFG crystal. Additionally, the PPMgO:LN crystal is placed in homemade crystal oven, which is made from red copper and precisely stabilized using a temperature controller (Newport Corp., Model 350B). We can achieve the optimized phase matching by adjusting the temperature of the crystal. Matching is an important factor in single pass crystal [24] , here we use the different matching lenses for the experiment. We choose f = 100 mm and f = 75 mm with anti-reflection coating for both fundamental laser and sum-frequency laser as matching lens. After crystal, a lens is used to collimate the output laser. Then, the 852.3 nm light is separated from the SFG output by using two dichroic mirrors. Subsequently, the 852.3 nm laser is divided into two beams by PBS, one is pass through Cs atomic vapor cells and another is calibrate through the Fabry-Perot cavity to monitor its frequency tuning range. Before the SFG, dividing the 1560.5 nm laser into two beams, one for the above experiment, the other for SHG. We had studied the SHG experiment before, and used two crystals can produce considerable 780.2 nm laser. Single-pass cascaded 25-mm-long PPMgO:LN crystals (HC Photonics; the thickness is 1.0 mm; poling period of 19.48 µm; type 0 matching; both ends of the crystals have flat surfaces with anti-reflection coatings for the fundamental and doubled laser, and the residual reflectivity R < 0.2%) are used as the SHG crystals. The matching lens has a focal length f = 50 mm with an anti-reflection coating for both the fundamental laser and doubled laser. broadened absorption spectra of the 5S 1/2 → 5P 3/2 transition (D2 line) for 87 Rb and 85 Rb atoms. This indicates that the continuously tunable range of the doubled laser at 780.2 nm is at least 10 GHz. The optimal quasi-phase-matched temperature is 80.6
• C.
Using the single-pass PPMgO:LN crystal structure, the result is shown in FIG. 6 . When choose f = 75 mm as matching lens, the laser power of 1878.0 nm and 1560.5 nm are 1.77 W and 4.94 W respectively, 276 mW of 852.3 nm laser can be yielded, the corresponding optical-optical conversion efficiency is 4.1%. Fitting to the data of the linear region yield the nonlinear conversion efficiency of 0.62% (W cm) −1 . The SFG nonlinear conversion efficiency can be written as [25] :
where 1560.5, 1878.0, and 852.3 nm, respectively. n 0 = (n 1 + n 2 )/2, ω 0 = (ω 1 + ω 2 )/2, ω i is the frequency of the corresponding laser, d ef f is the effective nonlinear coefficient.
indicates the B-K focusing factor [26] , it's related to the focusing parameter ξ. The last term is the correct for the crystal's non-ideal grating duty cycle.
In addition, we also use the f = 100 mm lens as the matching lens, and the corresponding optical-optical conversion efficiency is 3.7% From the experimental results, we can see that when the lens is 75 mm, it can yield higher power of 852.3 nm laser. According to the optimum B-K focus factor ξ = 2.84, the optimum waist spot radius of 1560.5 nm laser and 1878.0 nm laser are 45.3 µm and 49.7 µm. When using a matching lens with f = 75 mm, the waist spot radius of 1560.5 nm laser and 1878.0 nm laser are 46.5 µm and 41.6 µm. These are closer than use a matching lens with f = 100 mm. In single-pass sum-frequency experiment, the matching lens is not the only one point to influence the matching, but the two fundamental-wave-lasers overlap in the crystal is also important. If we use achromatic lens that concentrate 1560.5 nm laser and 1878.0 nm laser at one point in crystal, we can achieve better pattern matching and higher efficiency. In addition, we are also studying the method of separately focusing to make the waist spot of fundamental frequency lasers match including size and position, thus improving the efficiency. Although we generate 852.3 nm laser is not higher than waveguide, but the injection of waveguide is limited, so the system with waveguide does not produce more power output while the injection is exceeded. And the bulk crystal can hold more power input, which means that with a high power injection, we can get more output laser with bulk crystal even several tens of watts. In theory, if the power of 1560.5 nm and 1878.0 nm lasers are large enough, we can generate more 852.3 nm laser. This is the advantage of single-pass sum-frequency experiment with bulk crystal.
The transverse beam qualities of the 852.3 nm laser is evaluated by using the beam quality factor parameter (M 2 ) in the two orthogonal transverse directions X and Y . FIG. 7 shows the 1/e 2 beam radius versus the axial position Z after a plano-convex lens with a focal length of 50 mm. Fitting of the experimental data gives M . FIG. 8 shows a typical result, where the 852 nm laser can be tuned across more than 12 FSRs, which means that the continuously tunable range is more than 9 GHz. The scanning range is mainly limited by DFB. If the scanning range of the fundamental frequency laser is large enough, then the sum-frequency 852.3 nm laser can also be scanned subsequently. This is also the advantage of single-pass sum-frequency experiment. 
Conclusion
We have demonstrated a simple, compact and efficient scheme that combines single-pass SHG and single-pass SFG. Then we compare the 780 nm and 852 nm output power under different focusing conditions, and demonstrate maximal 634 mW of 780 nm single-frequency continuous-wave laser output when the power of 1560 nm is 5.27 W with single pass two PPMgO:LN crystals, the efficiency is 12.0%. And 276 mW of 852 nm singlefrequency continuous-wave laser output when the power of 1560 nm is 4.94 W and 1878 nm is 1.77 W, the corresponding optical-optical conversion efficiency is 4.1%, nonlinear conversion efficiency is 0.62% (W cm) −1 . We can attempt to increase the power of 1560 nm and 1878 nm laser beams power to yield more 780 nm and 852 nm output. In addition, the continuously tunable range of the 780 nm and 852 nm laser beams are 10 GHz at least. And if the scanning range of the fundamental frequency laser is large enough, the 780 nm and 852 nm laser beams can also be scanned subsequently, this is the advantage comparing with cavity-enhanced SHG and SFG. Singlepass structure makes the experimental system more simple, the tunable range of the output laser is only limited by the fundamental frequency laser, and the power is not low. Although the power we generate is not as high as the waveguide, but this scheme plays an irreplaceable role in high-power input.
Most importantly, the spots produced by this system have the good beam quality, which cannot be addressed by using semiconductor laser combines with TA, and we could use the system to control both Rb and Cs atoms. Because of its stable structure, it can meet many harsh conditions. In addition, 780 nm and 852 nm laser beams generated by this system can be used for Rb and Cs magneto-optical trap simultaneously, it makes the experimental setup simpler and more stable. As for Rb atoms, We can capture them by using a 852 nm dipole trap on the basis of 780 nm magneto-optical trap. Before, we need 852 nm and 780 nm diode lasers to achieve such the experiment, but now our system can produce both lasers at high power, so it has more use value. Last, the system has the great application in cold atoms Rb-Cs two components interferemeter, and to form RbCs dimer by photoassociation of cold Rb and Cs atoms confined in a magneto-optical trap.
